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Summary
Polar lipids must flip-flop rapidly across biological
membranes to sustain cellular life [1, 2], but flipping is
energetically costly [3] and its intrinsic rate is low. To over-
come this problem, cells have membrane proteins that func-
tion as lipid transporters (flippases) to accelerate flipping to
a physiologically relevant rate. Flippases that operate at the
plasma membrane of eukaryotes, coupling ATP hydrolysis
to unidirectional lipid flipping, have been defined at a molec-
ular level [2]. On the other hand, ATP-independent bidirec-
tional flippases that translocate lipids in biogenic compart-
ments, e.g., the endoplasmic reticulum, and specialized
membranes, e.g., photoreceptor discs [4, 5], have not been
identified even though their activity has been recognized
for more than 30 years [1]. Here, we demonstrate that opsin
is the ATP-independent phospholipid flippase of photore-
ceptor discs. We show that reconstitution of opsin into large
unilamellar vesicles promotes rapid (t < 10 s) flipping of
phospholipid probes across the vesicle membrane. This is
the first molecular identification of an ATP-independent
phospholipid flippase in any system. It reveals an unex-
pected activity for opsin and, in conjunction with recently
available structural information on this G protein-coupled
receptor [6, 7], significantly advances our understanding of
the mechanism of ATP-independent lipid flip-flop.
Results and Discussion
Previous work showed that phospholipids flip-flop rapidly
across bovine photoreceptor disc membranes by an ATP-
independentmechanism [4, 5]. To identify the flippase in ques-
tion, we used a biochemical reconstitution approach and
a fluorescence assay for flippase activity [8] (Figure 1A). Large
unilamellar proteoliposomes (Figure 1B) were generated
from mixed micelles of Triton X-100-solubilized disc mem-
brane proteins (Triton extract [TE]), egg phosphatidylcholine,
and a trace amount of nitrobenzoxadiazole-phospholipid
(NBD-PL), a fluorescent reporter lipid whose fluorescence is
eliminated on reduction with dithionite. Vesicles generated
by this method are sealed because they can retain trapped
small molecules (Supplemental Information, available online)
[9]. The liposomes were prepared with a protein/phospholipid
ratio in the rangew0–2 mg/mmol, corresponding towzero to*Correspondence: akm2003@med.cornell.eduten–molecules of rhodopsin (themajor protein of TE [Figure 1F,
inset]) per vesicle on average. Protease protection and colli-
sional quenching assays indicated that both rhodopsin and
NBD-PLs were reconstituted symmetrically (data not shown).
To establish assay conditions, we first analyzed protein-free
liposomes. The fluorescence of these vesicles decreased
rapidly by w50% on adding dithionite (Figure 1C, trace L).
Subsequent disruption of the vesicle membrane eliminated
fluorescence entirely (data not shown). Thus NBD-PLs in the
outer leaflet of protein-free liposomes are rapidly reduced by
dithionite, whereas NBD-PLs in the inner leaflet are protected.
When proteoliposomes (protein/phospholipid ratio w1 mg/
mmol) were treated with dithionite, fluorescence also
decreased rapidly (Figure 1C, trace P). However, the extent
of reduction was greater (w75%) than for protein-free lipo-
somes indicating that in at least a fraction of the vesicles
NBD-PLs are rapidly translocated from the inner to the dithion-
ite-accessible outer leaflet. We confirmed these results by
back-extraction experiments [8, 10] in which we used fatty
acid-free serum albumin to extract NBD-PLs from the outer
leaflet of the vesicles. Albumin extracted a larger fraction of
NBD-PLs from proteoliposomes than protein-free liposomes,
consistent with translocation of NBD-PLs from the inner leaflet
to the outer leaflet of the protein-containing vesicles (Fig-
ure 1D, Supplemental Information, and Figures S1A and S1B).
The reconstituted activity was ATP-independent. A variety
of NBD-PLs were flipped, including N-NBD-di-DHA-PE, a
phospholipid with polyunsaturated C22:6 acyl chains resem-
bling those found in disc phospholipids (Figure 1E). Inclusion
of 10 mole percent cholesterol, the average cholesterol con-
tent of disc membranes [11], had no detectable effect on
NBD-PL flipping (data not shown). Lipid analyses indicated
that both NBD-PLs and egg phosphatidylcholine (ePC) re-
mained intact during reconstitution (not shown). The rate of
fluorescence loss was comparable in liposomes and proteoli-
posomes (Figures 1C and 1D), indicating that flipping occurs
faster than the rate at which NBD-PLs are reduced. By system-
atically varying the dithionite concentration used in the assay,
we obtained an upper bound ofw10 s for the time constant of
NBD-PL flipping in proteoliposomes.
The extent of NBD-PL reduction increased monoexponen-
tially as a function of the protein/phospholipid ratio of the
sample (Figure 1F), reflecting the probability that a particular
vesicle in the sample has one or more flippases. Themaximum
extent of reduction that we observed wasw80%–85% rather
than the expected 100%, indicating that a fraction of the
vesicles cannot be accessed by dithionite. It is possible that
some of these protected vesicles are within aggregates.
Assuming that the average molecular weight of proteins being
reconstituted is 40 kDa and the average diameter of the recon-
stituted vesicles is 150 nm (Figure 1B), analysis of the data in
Figure 1F (Supplemental Information and Figures S1C and
S1D) indicates that in a sample with protein/phospholipid ratio
w0.33 mg/mmol (corresponding to the monoexponential fit
constant), each vesicle has 1.65 proteins on average, one of
which is a phospholipid flippase, i.e., 61% of the reconstituted
protein molecules are flippases. Similar analysis of an inde-
pendent experiment (Figure S1B) indicated that 69% of the
reconstituted proteins are flippases. These results suggest
that rhodopsin is the flippase because its abundance in discs
Figure 1. Reconstitution of Disc Phospholipid Flippase Activity
(A) Flippase activity assay. Large unilamellar vesicles are reconstituted with
a trace amount of NBD-PL. Dithionite (S2O4
2-) reduces NBD-PLs to nonflu-
orescent 7-amino-2-1,3-benzoxadiazol-4-yl-phospholipids (ABD-PLs).
Because only NBD-PLs in the outer leaflet are available to react with
dithionite, treatment of protein-free liposomes (left) results in a predicted
50%fluorescence loss, whereas treatment of flippase-equipped proteolipo-
somes (right) results in a predicted 100% loss as NBD-PLs flip between the
inner and outer leaflet.
(B) Cryoelectron micrograph of proteoliposomes. The average diameter of
the vesicles is 150 nm. Protein-free liposomes had the same average
diameter. The scale bar represents 100 nm.
(C) Dithionite reduction assay. 1-myristoyl-2-C6-NBD-PE-containing lipo-
somes (L) and proteoliposomes (P; protein/phospholipid ratiow1mg/mmol)
(w75 mM phospholipid) were stirred in a cuvette at ambient temperature.
After recording the initial fluorescence (excitation 470 nm, emission
540 nm) of the samples, dithionite (1 mg/ml; >10-fold molar excess over
NBD)wasaddedat timezeroand themeasurementwascontinued for10min.
(D) Back-extraction assay. Fatty acid-free bovine serum albumin (1.5mg/ml)
was added to 1-myristoyl-2-C6NBD-PE-containing liposomes (L) and pro-
teoliposomes (P) [w75 mM phospholipid; protein/phospholipid ratio (PPR)
w1 mg/mmol for proteoliposomes] at time zero and fluorescence was re-
corded. The quantum yield of NBD-PLs complexed to albumin is less than
that of membrane-integrated NBD-PLs [8, 10] accounting for the reduction
in fluorescence. Assays were done at ambient temperature.
(E) A variety of NBD-PLs are flipped in proteoliposomes. Vesicles were re-
constituted with egg phospholipids (egg PC and egg phosphatidylglycerol
[9:1, molar ratio]) and w0.5 mole percent of an NBD-labeled phospholipid
(1-palmitoyl-2-C6NBD-PC (NBD-PC), 1-palmitoyl-2-C6NBD-PE (NBD-PE),
1-palmitoyl-2-C6NBD-PS (NBD-PS), C12NBD-sphingomyelin (NBD-SM) or
N-NBD-di-DHA-PE). TE was included to generate proteoliposomes with
a PPR ofw1 mg/mmol. The vesicles were treated with dithionite (added at
time zero) and the reduction of fluorescence was monitored over time at
ambient temperature as in (C).
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150(w85%) closely approximates the abundance of flippases in
TE,whereas the nextmost abundant disc proteins—peripherin
andABCA4—are present atmuch lower levels (w3%–4%) [12].
Our original experiments were carried out entirely under dim
red light except to measure end-point fluorescence intensity
after dithionite treatment. This suggested that rhodopsin
has flippase activity. However, because flippase activity was
unaffected by light, and the apoprotein opsin was also active
(see below), we henceforth refer to the protein as opsin rather
than rhodopsin.
To confirm that opsin is the disc phospholipid flippase, we
immunopurified it and tested its activity (Figures 2A–2C).
Whereas TE that had been specifically depleted of opsin was
inactive (Figures 2A and 2B, 1D4-treated TE), purified opsin
(Figures 2A and 2C, 1D4 eluate) displayed flippase activity at
a level comparable to that of unfractionated TE (Figure 2C).
We next tested the flippase activity of human opsin that was
expressed in HEK293 cells and immunopurified (Figure 2D).
We confirmed that the protein was correctly folded by showing
that it could be converted to rhodopsin on adding 11-cis-
retinal as judged by characteristic changes in absorbance
spectra (Figure 2E). Proteoliposomes reconstituted with this
heterologously-expressed human opsin preparation were
active (Figure 2F). This result extends our observations with
bovine opsin and also indicates that opsin’s flippase activity
does not require a disc-specific cofactor or 11-cis-retinal.
Control experiments demonstrated that the ability to flip
phospholipids is an intrinsic property of opsin. We reconsti-
tuted vesicles by a different procedure in which we combined
NBD-PLs and n-dodecyl-b-D-maltopyranoside-solubilized
disc proteins with n-dodecyl-b-D-maltopyranoside-destabi-
lized large unilamellar vesicles, then removed the detergent
to form sealed, symmetrically labeled proteoliposomes
[13, 14] (Figure S2A). These vesicles were fully active (Fig-
ure S2B). We next used extensive detergent dialysis to recon-
stitute an n-octyl-b-D-glucopyranoside extract of discs into
ePC vesicles. With [14C]-labeled n-octyl-b-D-glucopyranoside
as a tracer, we identified a dialysis regimen in which the final
molar ratio of opsin, detergent, and phospholipid was w5: 1:
2 3 106. Under these conditions, with substoichiometric
amounts of detergent relative to opsin, flipping was identical
to that seen with samples reconstituted by the other methods
described above, as well as in samples containing 1000-fold
higher n-octyl-b-D-glucopyranoside. In every case, addition
of 11-cis-retinal converted opsin to rhodopsin (Figures S2C
and S2D), indicating the presence of correctly folded protein.
Thus, opsin’s ability to flip phospholipids is not induced by
residual detergent. We also confirmed that flipping was
specific to opsin and not the unspecific consequence of recon-
stituting any membrane protein. Thus, proteoliposomes con-
taining GltPh, a glutamate transporter homolog with multiple
transmembrane spans and roughly the same molecular mass
as opsin [15], were inactive (Figure 3A). Consistent with this,
we recently showed that proteoliposomes reconstituted with
a complex mixture of rat liver ER membrane proteins eluted
from an anion exchange resin lack NBD-PL flippase activity(F) Protein-dependence of NBD-PL flipping. A Coomassie-stained SDS-
PAGE analysis of TE is shown [inset; rhodopsin (RH)]. Reconstitution was
done with different amounts of TE. The graph combines three independent
experiments with vesicles containing 1-acyl-2-C6-NBD-PC or 1-acyl-2-C6-
NBD-PE. The range of duplicates for any single measurement is typi-
cally 62%. The line through the points is a monoexponential fit.
See also Figure S1.
Figure 2. Opsin Is the Disc Phospholipid Flippase
(A) Immunoblot analyses of samples generated by
affinity chromatography of disc TE. Chromatography
was done using immobilized 1D4 monoclonal antibodies
specific for the C terminus of opsin. Mock-treated TE,
1D4-treated TE, and protein eluted from the 1D4 resin
were analyzed by SDS-PAGE and immunoblotting with
antibodies directed against the three most abundant
disc proteins ABCA4, peripherin, and opsin.
(B) NBD-PE flipping in proteoliposomes reconstituted
using mock-treated TE or 1D4-treated TE. The percent
fluorescence reduction is plotted against the volume of
extract used for reconstitution. The concentration of
mock-treated TE was w100 ng/ml. Reconstitution was
done with volume equivalents of TE and 1D4-treated
TE. A representative experiment is shown. Similar results
were obtained in independent experiments where
NBD-PC was used.
(C) Assay of NBD-PC flipping in proteoliposomes recon-
stituted using TE or 1D4 eluate (immunopurified opsin).
(D) Human opsin was expressed in HEK cells and
immunopurified. The figure shows a Coomassie-stained
SDS-PAGE analysis of the preparation after de-N-glyco-
sylation with PNGase F. Opsin monomer and PNGase F
are indicated; the higher molecular weight bands are
opsin multimers.
(E) Regeneration of rhodopsin from immunopurified
human opsin. The dark, light, and difference spectra
are shown. The latter reveals the characteristic 500 nm
peak of the retinal chromophore when bound to opsin.
(F) Proteoliposome samples (P1 and P2, PPRw0.3 andw1mg/mmol, respectively) containing immunopurified human opsin and 1-myristoyl-2-C6-NBD-PE
were tested for flippase activity by the dithionite reduction assay. Protein-free liposomes (L) were analyzed in parallel. The plateau values obtained from
monoexponential fits are 0.55, 0.40, and 0.23 for L, P1, and P2, respectively.
See also Figure S2.
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151[16]. We conclude that the mere presence of membrane
proteins does not promote lipid flipping and that the activity
we describe is specific to opsin.
To probe themolecular mechanism of flipping, we examined
whether opsin’s ability to flip lipids extended to glycolipids
that differ from simple phospholipids by virtue of their larger
headgroups and distinct hydrophobic supports. For these
experiments, we chose M4-H8, a glycosylphosphatidylinositol
structure [1, 17], and Man5GlcNAc2-PP-dolichol (M5-DLO), an
intermediate in the dolichol pathway of proteinN-glycosylation
[1, 18] (Figure 3B). Flipping was assayed at ambient tempera-
ture by using the lectin concanavalin A (Con A) to capture
glycolipids in the outer leaflet of vesicles (Figure S3B)
[18–20]. For both M4-H8 and M5-DLO, as expected, the extent
of capture in liposomes wasw50% of that seen in detergent-
dispersed samples (Figure S3C, L and +TX-100 and [19].).
However, in opsin-containing proteoliposomes, the amount
of M4-H8 captured was greater than for protein-free vesicles
(Figure S3C, P). Furthermore, the amount of M4-H8 captured
increased as a function of the vesicle protein/phospholipid
ratio (Figure 3B) exactly as seen for NBD-PLs (Figure 1F). In
contrast, over the same range of protein/phospholipid ratios,
the amount of M5-DLO captured remained at thew50% level
obtained with protein-free liposomes (Figure 3B). Thus opsin
flips M4-H8 but not M5-DLO. Although opsin’s ability to flip
M4-H8 suggests a surprisingly permissive flipping route, its
inability to flip M5-DLO nevertheless identifies constraints
that will be invaluable in future dissection of the flipping
mechanism.
How does opsin flip lipids? Flippase activity is likely an
intrinsic property of monomeric opsin, as the protein-depen-
dence plot in Figure 1F is not sigmoidal. A possible flipping
mechanism is suggested by atomic scale molecular dynamicssimulations [21] showing that membrane-spanning water
pores induce rapid flip-flop of phospholipids across protein-
free bilayers. The headgroup of the phospholipid diffuses
along the pore, while the acyl chains reorient from one
membrane leaflet to the other. Midway, the lipid lies parallel
to the plane of the membrane. Within the helical bundle of
opsin are a number of water molecules [22–24] that define
a hydrophilic core. In analogy with the simulation data, this
hydrophilic core could provide a flipping route for phospho-
lipid headgroups while the acyl chains emerge from between
transmembrane helices to remain in the membrane interior
[1]. GltPh, the control protein that we tested (Figure 3A), is
not likely to have such a hydrophilic pathway [25], consistent
with its inability to flip lipids. Interestingly, water molecules
are associated with highly conserved residues within the
transmembrane core of other family A G protein-coupled
receptors (GPCRs) [22, 23, 26], the subfamily of GPCRs to
which opsin belongs. Indeed, the b1-adrenergic receptor
(construct b1AR36-m23 [27]), a member of this family, flips
NBD-PLs (Figure 4).
Disc membranes have three lipid transporters: opsin, the
P-type ATPase Atp8a2 [28], and the ABC transporter ABCA4
[29]. Opsin facilitates bidirectional transport of phospholipids
as demonstrated in this report, whereas Atp8a2 and ABCA4
use ATP hydrolysis to transport phosphatidylserine (PS) and
N-retinylidene-phosphatidylethanolamine (NRPE), respec-
tively, from the lumen to the cytoplasmic face of the disc
membrane. Phosphatidylcholine and phosphatidylethanol-
amine (PE) are symmetrically distributed across disc mem-
branes, but PS favors the cytoplasmic face by w3:1 [4, 30].
A balance between the lipid transport activities of Atp8a2
and opsin probably plays a role in generating the asymmetric
transbilayer distribution of PS. During phototransduction, a
Figure 3. Flipping Specificity
(A) GltPh does not have flippase activity. Proteoliposomes containing egg
PC, 1-acyl-2-C6-NBD-PC, and purified GltPh (the inset shows a Coomas-
sie-stained SDS-PAGE analysis of the sample) [15] were assayed for
flippase activity by the dithionite reduction assay. The graph shows the
extent of fluorescence reduction 10 min after adding dithionite, minus
the value obtained for protein-free liposomes, plotted as a function of the
protein/phospholipid ratio (PPR) of the sample. Data for reconstituted
disc TE are shown for comparison. Note the break in the x axis between
1 and 5 mg/mmol.
(B) Opsin flips M4-H8 but not M5-DLO. Flipping was assayed by the Con A-
binding method. Proteoliposomes were reconstituted with trace [3H]M4-H8
or [3H]M5-DLO. The lipids are illustrated. The graph (mean and range of two
experiments) shows the percentage of glycolipid bound to Con A after
a 30 min incubation at ambient temperature, plotted as a function of the
PPR of the sample.
See also Figure S3.
Figure 4. Lipid Flipping by the b1-Adrenergic Receptor
Vesicles were reconstituted with 1-myristoyl-2-C6-NBD-PE and either no
protein, turkey b1AR36-m23 (b1AR) [27] or bovine disc TE (opsin).
Both proteoliposome samples had a protein/phospholipid ratio of
w1 mg/mmol. Dithionite was added as indicated and fluorescence loss
wasmonitored over time (see Figure 1C for details). The Coomassie-stained
SDS-PAGE analysis shows the b1AR36-m23 construct. The results for
b1AR36-m23 were verified with the serum albumin back-extraction assay
(e.g., Figure 1D).
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152fraction of all-trans-retinal released from photoactivated
rhodopsin combines reversibly with PE in the disc interior to
form NRPE. Current models posit that ABCA4 translocates
NRPE to the cytoplasmic leaflet of the disc membrane where
it dissociates to all-trans-retinal and PE. Opsin may also trans-
port NRPE (we were unable to test this in our reconstitution
system because of the lability of NRPE’s Schiff base linkage),
but it is likely that ABCA4 is uniquely able to deliver NRPE to
the cytoplasmic leaflet in an activated form [31] that ensures
effective transfer of NRPE-derived retinal to retinol dehydroge-
nase in the first step of the visual cycle. Although ABCA4-
mediated NRPE transport prevents the eventual buildup of
toxic diretinoid compounds [32, 33], it also results in thedeposition of PE in the cytoplasmic leaflet. We suggest that
opsin’s flippase activity returns PE to the lumenal leaflet,
thus normalizing the phospholipid content of the two leaflets.
In conclusion, we have shown that opsin is an ATP-indepen-
dent phospholipid flippase. When reconstituted into lipo-
somes, it speeds up the intrinsically slow transbilayer translo-
cation of membrane phospholipids by more than 1000-fold,
changing the time constant for flipping from >10 hr to <10 s.
These data provide the molecular basis for previous observa-
tions of rapid, ATP-independent phospholipid flip-flop in disc
membranes. Although the original report of lipid flipping in
discs [4] concluded that rhodopsin alone was not capable of
catalyzing flip-flop, re-examination of these data in light of
our observations that (1) lipid flip-flop occurs rapidly at low
temperatures [16, 19] and (2) a fraction of the vesicles is inac-
cessible to topological probes indicates that they are indeed
consistent with rhodopsin-mediated lipid flip-flop. Opsin’s
ability to function both as a photoreceptor and as a phospho-
lipid flippase indicates that it belongs to the class of moon-
lighting proteins [34] that harbor two distinct activities within
the same polypeptide chain. It is conceivable that other as
yet unidentified ATP-independent flippases [1], such as those
needed to flip M5-DLO [19] and dolichyl phosphate mannose
[16] across the endoplasmic reticulum, also belong to this
class and have consequently eluded identification. Because
opsin is the prototypical member of the ubiquitous family of
structurally related GPCRs consisting of >1000 members in
vertebrates [35], and the b1-adrenergic receptor also has
phospholipid flippase activity, our results raise the possibility
that the ability to flip lipids may extend to many members of
this key group of integral membrane signaling proteins.
Experimental Procedures
Bovine rod outer segment discs were isolated by established procedures
[5]. Disc membrane proteins were solubilized in Triton X-100, n-dodecyl-
b-D-maltopyranoside or n-octyl-b-D-glucopyranoside. Human opsin was
expressed in HEK cells and solubilized in n-dodecyl-b-D-maltopyranoside.
Opsin was purified from disc or HEK cell extracts by affinity chromatog-
raphy with 1D4 monoclonal antibodies and quantitated spectroscopically
after converting it to rhodopsin by incubation with 11-cis retinal or by
Coomassie-stained SDS-PAGE analysis with serum albumin as a standard.
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153b1AR36-m23 was purified as described [27]. Proteoliposomes were recon-
stituted by one of threemethods, typically by staged removal of Triton X-100
with Bio-Beads [9]. Reporter lipids (fluorescence-tagged NBD-phospho-
lipids or [3H]-labeled glycolipids) were included during the reconstitution.
Flippase assays were done at ambient temperature (23C) as described,
with dithionite, fatty acid-free serum albumin (for NBD-PLs) or concanava-
lian A (for mannose-containing glycolipids) as topological probes [8, 19].
Detailed procedures may be found in Supplemental Information.
Supplemental Information
Supplemental Information includes Supplemental Results and Discussion,
Supplemental Experimental Procedures, and three figures and can be found
with this article online at doi:10.1016/j.cub.2010.12.031.
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